To assess the feasibility of performing central molecular analyses of fresh medulloblastomas obtained from multiple institutions and using these data to identify prognostic markers for contemporaneously treated patients.
INTRODUCTION
Medulloblastoma is a highly invasive pediatric brain tumor with a tendency to metastasize. Current therapy for this disease includes maximum surgical resection, wholeneuraxis radiation, and chemotherapy. Despite this aggressive treatment, only 60% of children with medulloblastoma will be cured, and most of these will suffer longterm side effects [1] [2] [3] [4] [5] [6] [7] . Consequently, efforts are being made to identify patients who can be cured with less intensive therapy and also to develop more effective treatments for children with resistant disease [8] .
At present, children with medulloblastoma are divided into two disease risk groups [8] : Average-risk (AR) patients are those diagnosed when they are older than the age of 3 years with nonmetastatic and totally or near-totally resected (Յ 1.5 cm 2 on postoperative magnetic resonance imag-ing [MRI] scan) disease; patients not fulfilling these criteria are regarded as high-risk (HR). This clinical stratification has only proven useful as a broad guide for predicting prognosis; in particular, it does not identify the 20% to 30% of AR patients with resistant disease or the unknown number of AR patients who might be overtreated with current protocols.
In a variety of childhood malignancies, for example, neuroblastoma and leukemia, risk-adapted therapy according to both disease status and molecular profile is now considered routine [9, 10] . Accurate disease risk assignment for children with medulloblastoma could also be possible using a combination of clinical and molecular prognostic markers. However, although a number of molecular prognostic markers have been proposed for medulloblastoma, none have been validated for routine clinical use [11, 12] . Therefore, studies to be conducted by the Children's Oncology Group (COG) and the International Society of Pediatric Oncology (SIOP) over the next several years will prospectively evaluate the survival significance of molecular prognostic markers among children with medulloblastoma. The success of these studies will depend on their ability to collect and process high-quality fresh tumor material from patients; however, the feasibility of undertaking such a study has never been demonstrated.
Here, we report the results of a pilot study that was designed to assess the feasibility of collecting a large cohort of high-quality, snap-frozen medulloblastomas from patients treated in multiple institutions, rapidly conducting central molecular and pathologic analyses of these tumors, and using these data to identify valuable molecular markers for medulloblastoma patients treated in the modern era.
MATERIALS AND METHODS

Tumor Tissue Collection, Shipment, and Processing
With institutional review board approval and after obtaining signed informed consent, we obtained 97 samples of fresh-frozen primary childhood (Յ 19 years) medulloblastoma, from children diagnosed between 1984 and 2002 at St Jude Children's Research Hospital (SJCRH), Memphis, TN; Texas Children's Hospital, Houston, TX; Royal Children's Hospital, Melbourne, Australia; and The Children's Hospital at Westmead, Sydney, Australia. Forty-one percent of samples (n ϭ 40) were collected prospectively within the context of a multi-institutional trial (SJMB96 [13] ). The remaining samples were obtained from the SJCRH tumor bank. Samples were snap-frozen at the time of primary surgical resection and stored at Ϫ80°C until shipment on dry ice to the study reference laboratory at SJCRH. All samples were de-identified by assignment of a study number. Laboratory staff and the study neuropathologist (C.F.) were masked to all patient clinical details.
After weighing (performed rapidly to avoid thawing), frozen sections were made from each sample and examined by light microscopy to ensure that Ն 80% consisted of tumor. Samples containing sufficient tumor material for further analysis were then divided in two and total protein and RNA extracted by sonication in protein lysis buffer [14] and homogenization in Trizol (Invitrogen, Carlsbad, CA) reagent [15] , respectively. The extraction of protein was prioritized in small samples (Ͻ 70 mg). The amount and quality of RNA extracted from each sample was assessed spectrophotometrically. The total amount of protein in each tumor lysate was measured using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL). RNA and protein extracts were stored at Ϫ80°C before analysis. Formalin-fixed paraffin-embedded samples of each tumor were also collected and subjected to central histopathology review by a single neuropathologist (C.F). Tumors were classified as either classic (C), nodular desmoplastic (ND), or large-cell anaplastic (LCA) [16] . The clinical details of each patient in the study cohort were reviewed by a single neurooncologist (A.G.) who was masked to all histopathologic and molecular analyses.
Western Blotting
ERBB2 protein expression in tumor samples was determined by Western blot analysis. One hundred micrograms of each protein lysate was analyzed using standard techniques and the anti-ERBB2 mouse monoclonal antibody NCL-CB11 (NovaCastra, Newcastle-on-Tyne, United Kingdom) as described [17] . The ERBB2-expressing Daoy medulloblastoma cell line [15] was used as a positive control for ERBB2 expression. Membranes were reprobed with an antibody for beta-actin (Sigma Chemicals, St Louis, MS) to control for protein loading and transfer. Tumors were scored as positive or negative for ERBB2 expression.
Real-Time Polymerase Chain Reaction
TRKC, MYCC, and MYCN transcript expression levels were measured in tumor samples by real-time polymerase chain reaction (PCR) analysis. Real-time PCR was conducted using the TaqMan One Step PCR Master Mix Reagents Kit (Applied Biosystems, Foster City, CA) and a 7900HT Sequence Detection System (Applied Biosystems). Oligonucleotide primers and a TaqMan probe for each gene were designed using Primer Express v2.0 software (Applied Biosystems). Primer/TaqMan probe sets were as follows: (1) TRKC (forward, cgtccgcgatggtttca; reverse, tccgatcgctgcttctttg; probe, tttgcatctgatcgctcggcgtt); (2) MYCC (forward, cgtctccacacatcagcacaa; reverse, gacactgtccaacttgaccctctt; probe, cctccactcggaaggactatcctgctg); (3) MYCN (forward, cgggcatgatctgcaagaa; reverse, atcttcgtccgggtagaagca; probe, ccagacctcgagtttgactcgctacagc); all from Applied Biosystems. The expression level of each transcript was normalized to that of 18S rRNA (primers and probe from Applied Biosystems) that was used as an internal standard. Real-time PCR data were analyzed using SDS version 2.0 software (Applied Biosystems). Total adult and fetal human brain RNA (Ambion, Austin, TX) were used to generate standard curves for relative quantitation. The specificity of each primer set for the respective target sequence was confirmed by sequence analysis of cDNA generated from total human RNA and RNA from the Daoy and MHH-MED-1 medulloblastoma cell lines [18] .
Statistical Analysis
The results of all molecular and histopathology studies and central clinical review were submitted for analysis to the Department of Biostatistics (SJCRH) via a secure electronic database. Associations among clinical features (patient sex, age at diagnosis, metastatic disease stage, extent of surgical resection, and clinical risk group), tumor histopathology, and molecular characteristics (ERBB2, TRKC, MYCC, and MYCCN expression) were investiDisease Risk Stratification in Medulloblastoma www.jco.orggated using Fisher's exact tests or 2 tests. Progression-free survival (PFS) was measured from the date of diagnosis to the date of first progression (or death, whichever came first) or last contact. Overall survival (OS) was measured from the date of diagnosis to death or last contact. One patient who died as a result of a second malignancy was censored at the date of death in the estimation of PFS but is considered a failure at this date in the OS estimation. Distributions of PFS and OS were estimated using Kaplan-Meier methods [19] ; associated SEs and P values were calculated as described by Peto and Pike [20] and by using the Mantel-Haenszel statistic [21] , respectively. We determined the independent prognostic value of each molecular characteristic and histopathology using two separate methods. First, we performed a stratified analysis in which the patients were grouped as follows: strata I (age at diagnosis Ͻ 3 years), strata II (age at diagnosis Ն 3 years, no metastatic disease, treated on SJMB96), strata III (age at diagnosis Ն 3 years, no metastatic disease, treated before SJMB96), strata IV (age at diagnosis Ն 3 years, metastatic disease, treated on SJMB96), and strata V (age at diagnosis Ն 3 years, metastatic disease, treated before SJMB96). The degree of surgical resection was not a significant prognostic factor among patients in the current study and so was not used as an indicator for stratification. Significance levels for these comparisons were based on stratified exact log-rank tests or Monte Carlo estimates of the exact log-rank test as implemented in StatXact (Cytel Software Corporation, Cambridge, MA). Stratified Cox proportional hazards regression models [22] were also performed to assess the prognostic impact of the continuous form of TRKC, MYCC, and MYCN expression on PFS.
RESULTS
Tissue Accrual, Quality, and Processing Time
No adverse delays or problems in the shipment of tissues from institutions both within and outside the United States were encountered during the study. The mean frozen weight of the 97 tumor samples was 410 mg (range, 17 to 1,800 mg). Eighty-nine percent (n ϭ 86, designated as the study cohort) of samples were judged by frozen-section review to contain adequate tumor material for further analysis. Protein was successfully extracted for Western blot analysis from 94% of these (n ϭ 81). The total amount of protein extracted ranged from 350 g to greater than 2 mg, with a mean of 1 mg. Seventy-six samples contained sufficient material to attempt RNA extraction. High-quality RNA was obtained from 64% of these (n ϭ 49); the amount of RNA extracted ranged from 130 g to 320 g, with a mean of 180 g (average 260:280 ratio, 1.9). The total time taken to acquire, ship, and complete all molecular analyses ranged from a minimum of 3 days for samples originating within SJCRH to a maximum of 6 days for samples from Australian institutions.
Clinical Characteristics of the Study Cohort
Seventy-nine percent (n ϭ 68) of the 86 patients in the study cohort were diagnosed after 1990. Twenty-six percent of patients (n ϭ 22) have died from their disease. The median follow-up time for surviving patients was 3.7 years (range, 0.3 to 16.3 years); 90% of these patients were seen within 12 months of study analysis.
The clinical details of patients from whom study samples were obtained are summarized in Figure 1 . Seventeen percent (n ϭ 15), 47% (n ϭ 40), and 36% (n ϭ 31) of patients were younger than 3 years, Ն 3 to less than 8 years, and Ն 8 years at the time of diagnosis, respectively. Sixtyfour percent (n ϭ 55) of patients were male. Eighty-three percent (n ϭ 71) of patients underwent a total resection of their tumor (assessed by postoperative MRI scan). Metastasis stage was assessed in all patients by a combination of brain and spine MRI imaging with gadolinium enhancement and lumbar CSF sampling. Fifty-eight percent (n ϭ 50), 8% (n ϭ 7), 7% (n ϭ 6), and 27% (n ϭ 23) of patients had M0, M1, M2, and M3 stage disease, respectively. Overall, 42% (n ϭ 36) and 58% (n ϭ 50) of patients were classified as average and high-risk, respectively. This selection bias in favor of high-risk patients occurred solely as a consequence of tissue availability. One patient in the study cohort died of disease before receiving radiation therapy, and one patient diagnosed before the age of 3 years remains alive and disease-free after chemotherapy alone. The remaining 84 patients in the study cohort all received standard neuraxis radiation therapy and chemotherapy; 47% of these (n ϭ 40) were treated on a single protocol (SJMB 96 [13] ).
Tumor Histopathology and Molecular Characteristics
All patients in the study cohort had a histologic diagnosis of medulloblastoma. Forty-four percent (n ϭ 38), 35% (n ϭ 30), and 21% (n ϭ 18) of tumors displayed C, ND, and LCA morphology, respectively (Fig 1) . These frequencies are quite similar to those recently reported among a series of 330 pediatric medulloblastomas [23] . We detected ERBB2 protein expression by Western blot analysis in 40% of tumors (n ϭ 32 of 81; Fig 1) . The results of TRKC, MYCC, and MYCN expression levels are summarized in Figure 2 . The median TRKC, MYCC, and MYCN expression levels among tumor samples were 1.88 (range, 0.03 to 15.9), 3.69 (range, 0.48 to 69.5), and 27.1 (range, 0.0 to 694.0) respectively.
Relationships Among Clinical, Histopathologic, and Molecular Variables
High-risk patients with LCA tumors were significantly more likely to present with M3 stage disease (Fig 1; P ϭ .043). LCA tumors were also more likely to express ERBB2 compared with C or ND disease (ERBB2 expression, LCA ϭ 12 of 32 v C and ND ϭ five of 49; P ϭ .005). No other significant relationships were observed among the clinical, histopathologic, and molecular variables measured in this study.
Univariate Survival Analysis of Clinical, Histopathologic, and Molecular Disease Features
Advanced metastatic disease stage, presentation before 3 years of age, and HR disease were each associated with a reduced PFS (Table 1 and Figs 3A, 3B , and 3C). Although a trend toward a worse clinical outcome was seen among 15 patients whose tumors were partially resected, this did not reach significance. Patients treated within the SJMB96 trial achieved superior PFS when compared with children treated on other protocols (Fig 3D) . SJMB96 excluded patients who were younger than 3 years of age at diagnosis; nevertheless, the survival advantage afforded by SJMB96 was retained even when the analysis was restricted to patients aged Ն 3 years at diagnosis (Table 1) .
Tumor expression of the ERBB2 receptor was associated with a significantly worse OS and PFS (Table 1 and Fig  3E) . The 5-year PFS rate of all patients (AR and HR) with ERBB2-negative tumors (n ϭ 49) was 72% (SE 10%), compared with only 42% (SE 12%) for patients with ERBB2-expressing disease (n ϭ 32; P ϭ .019). A trend toward a worse PFS was observed among patients with LCA medulloblastoma; however, this did not reach significance (Table  1) . Neither TRKC, MYCC, nor MYCN expression (analyzed in both continuous and categoric form) were associated with PFS or OS in the current study (Table 1) .
Toward a New Disease Risk Stratification System for Medulloblastoma
Our data confirm that, when applied in isolation, clinical and molecular markers provide an imprecise prediction of prognosis among patients with medulloblastoma. In this regard, although ERBB2-negative and nonmetastatic disease were each associated with a relatively favorable disease risk, the PFS of patients within these disease groups is only approximately 70% at 5 years (Table 1 and Figs 3B and 3E) . We reasoned that a combination of ERBB2 expression status and clinical factors might allow a more accurate assessment of disease risk. To test this hypothesis, we first used exact stratified log-rank analysis to determine the indepen- 
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Next, to determine whether a combination of clinical variables and ERBB2 expression might improve disease risk classification for medulloblastoma, we estimated the OS and PFS among patients divided into four groups based on age, M stage, and ERBB2 expression status (Fig 4) : group 1 (Ն 3 years, M0, ERBB2-negative, n ϭ 26); group 2 (Ն 3 years, M0, ERBB2-positive, n ϭ 13); group 3 (Ն 3 years, M1 to M3, ERBB2-negative, n ϭ 16); group 4 (Ն 3 years, M1 to M3 and ERBB2-positive, n ϭ 11). The difference in OS (P ϭ .001; 95% CI, .0002 to .0018) and PFS (P ϭ .0006; 95% CI, .0000 to .0012) among these four groups was highly significant. Only one patient in group 1 has experienced disease progression so far, and none of these patients have died from their disease, with a median follow-up time of 5.6 years. Of particular note, 46% of patients in group 2 suffered disease progression within 5 years of diagnosis, and four of these patients have died of their disease. This is especially significant because all patients in group 2 underwent total resection of their tumors and would therefore be classified as AR by current criteria.
DISCUSSION
Previous studies of molecular prognostic markers for medulloblastoma have included insufficient numbers of homogeneously treated patients to allow rigorous survival analysis. Furthermore, the majority of these have used fixed tumor material in which specific protein and RNA transcript levels cannot be accurately quantified. Therefore, the next multi-institutional medulloblastoma clinical trials to be conducted by SIOP and COG will prospectively evaluate the survival significance of a large number of molecular prognostic markers analyzed in fresh tumor material. The current pilot study provides the first evidence that such studies are feasible.
We were able to collect a large number of fresh-frozen medulloblastomas from multiple institutions within the United States and Australia and successfully ship these to a central reference laboratory. In addition, we show that virtually all samples of medulloblastoma collected in this manner yield large quantities (mean, 1 mg) of protein that is suitable for Western blot analysis. Western blotting allows accurate quantitation of specific protein expression levels. The quantity of protein extracted from tumors in the current study would allow analysis of up to forty separate antigens (10 blots each reprobed times four). We further show that RNA can be successfully retrieved from at least 64% of samples in which this is attempted. This may well be an underestimate of RNA yields from medulloblastoma. RNA is a relatively unstable biologic macromolecule. Tumor samples must be rapidly frozen in liquid nitrogen after surgery if RNA is to be preserved. Fifty-nine percent of samples in the current study were collected retrospectively from an existing tumor bank; this material may not have been collected under optimal conditions for RNA analysis. It is likely that larger amounts of RNA might be obtained from samples that are collected as part of prospective clinical trials that are specifically designed to conduct molecular analyses. Nevertheless, the RNA extracted from tumor sam- NOTE. The survival analyses shown for protocol compare the outcome of patients Ն 3 years of age at diagnosis. Two separate analyses were conducted for histology: patients with classic versus nodular desmoplastic versus large-cell/anaplastic disease, and patients with either classic or nodular desmoplastic versus large-cell/anaplastic disease. TRKC, MYCC, and MYCN groupings were based on whether tumor expression levels fell above (High) or below (Low) the median expression value for all tumors. P values Ͻ .05 are in bold. Abbreviations: OS, overall survival; PFS, progression-free survival; AR, average risk; HR, high risk; C, classic; ND, nodular desmoplastic; LCA, large-cell/anaplastic.
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The use of molecular prognostic markers to guide treatment decisions in the future will dictate that they can be analyzed rapidly within a clinically useful timeframe. Our data demonstrate that fresh-frozen medulloblastoma material can be shipped to a central reference laboratory and subjected to comprehensive histopathologic and molecular studies in less than 1 week. Although our study involved the recruitment of both retrospective (banked) and prospective clinical material, the data are encouraging. We hope that this study will increase enthusiasm among pediatric oncology centers to participate in future multiinstitutional molecular studies and rapidly refer tumor material to reference laboratories.
A further specific aim of this study was to investigate the feasibility of using centrally collected pathologic and molecular data to identify prognostic markers for medulloblastoma. A recent Pediatric Oncology Group study of 330 childhood medulloblastomas identified tumor anaplasia as a marker of poor prognosis [23] . Twenty-four percent of tumor samples in this Pediatric Oncology Group study displayed significant anaplasia; patients with this histologic variant had a 5-year survival probability of only 42%, compared with 68% for patients with nonanaplastic disease (P Ͻ .0001). In agreement with these data, 21% of tumors (n ϭ 18) in our study were classified as LCA, and patients with these tumors had a 5-year PFS rate of 42%, compared with 63% among patients with C or ND disease. Although this comparison did not reach statistical significance, HR patients with LCA tumors in our study were significantly more likely to present with M3 stage disease (P ϭ .043), and ERBB2 expression was more common among LCA tumors (P ϭ .005). Therefore, our data support the hypothesis that the LCA variant represents an especially aggressive form of medulloblastoma. Furthermore, they implicate ERBB2 oncogene in the formation of LCA disease. Histopathologic review of medulloblastomas derived from patients treated within large-scale clinical trials will be required to establish further the molecular basis of LCA and to validate the clinical significance of this medulloblastoma variant.
The prognostic significance of ERBB2 protein was also assessed in this pilot study. ERBB2 is a potent oncogene in cell culture [24] [25] [26] [27] and transgenic models of cancer [28, 29] , and overexpression of this receptor tyrosine kinase is associated with a poor clinical outcome in a number of human malignancies [30] . In three separate immunohistochemical analyses of more than 100 pediatric medulloblastomas, we previously demonstrated ERBB2 protein expression in approximately 80% of tumor samples [14, 31, 32] . Within each study, a significantly worse prognosis was observed among patients whose tumors exhibited high ERBB2 immunoreactivity (Ն 50% immunopositive tumor cells; approximately 40% of all cases). The data in the current study confirm that ERBB2 protein is expressed to high levels in approximately 40% of medulloblastomas and that this expression is significantly associated with a poor clinical outcome.
Molecular prognostic markers will only be useful if they provide survival information in addition to that already afforded by existing clinical predictors. Importantly, the current study demonstrates that a combination of molecular and clinical variables affords a more accurate means of predicting disease risk than either of these alone. In this regard, we show tumor ERBB2 expression has prognostic significance independent of patient clinical characteristics. Specifically, we have observed no deaths among children with clinical AR, ERBB2-negative medulloblastoma at a median follow-up of time of 5.6 years. This is in contrast with a 5-year OS rate of only 54% among children with clinical AR, ERBB2-positive tumors. Confirmation of these data in a large prospective clinical trial would provide a precise tool for rapidly and accurately assigning treatment intensity.
Finally, we also measured the tumor expression levels and prognostic significance of MYCC, MYCN, and TRKC that have also been proposed as prognostic markers for medulloblastoma [8, 11, 12] . MYCC operates within the MYCC/MAD/MAX network to modulate cell cycle progression, differentiation, and apoptosis [33] . Oncogenic activation of MYCC occurs through a variety of mechanisms that include gene amplification, transcript stabilization, and enhanced translation [33] . MYCC and the related gene MYCN are amplified in less than 10% of medulloblastomas, the majority of which are LCA tumors [34, 35] . However, MYCC mRNA is overexpressed in a much greater proportion of medulloblastomas independent of gene amplification and has been associated with a poor prognosis [36, 37] . TRKC is one of three high-affinity neurotrophin receptors that promote neuron growth, differentiation, and survival [38] . Elevated tumor TRKC mRNA levels have been associated with a favorable prognosis in medulloblastoma [39, 40] . Although our data confirm that MYCC, MYCN, and TRKC transcripts are readily detectable in medulloblastoma, none of these were correlated with clinical outcome. Interstudy variability in the significance of molecular prognostic markers may result for a variety of reasons, including the use of different experimental methodologies and small study sample sizes. Indeed, while we used highly quantitative real-time PCR analysis to measure MYCC, MYCN, and TRKC mRNA levels in fresh tumor material, previous studies of medulloblastoma have used semi-quantitative multiplex PCR and in situ hybridization of fixed tissues to measure these transcripts [36, 37, 39, 40] . Further, our analysis of MYCC, MYCN, and TRKC was restricted to 49 cases that yielded sufficient RNA. This small sample size does not possess sufficient power to discount these variables as important prognostic markers for medulloblastoma. Together, these data further emphasize that central analysis of medulloblastomas derived from patients treated within large-scale clinical trials will be required for molecular prognostic markers to be validated.
Children who survive medulloblastoma suffer a loss of normal-appearing white matter [41] , an associated decline in intellectual function [42, 43] , and long-term endocrine deficiencies [44] . These adverse effects, which are particularly severe in young patients [45, 46] , are largely the result of neuraxis radiation therapy. Adjuvant chemotherapy allows standard neuraxis radiation for medulloblastoma to be reduced from 36 Gy to 23.4 Gy without affecting cure rates [47] . However, a dose of 23.4 Gy is still associated with significant neurotoxicity [2] . Consequently, the COG is planning a phase III trial in which children between the ages of 3 and 8 years with newly diagnosed AR medulloblastoma will be randomly assigned to receive either 18 Gy or 23.4 Gy of neuraxis radiation. These additional reductions in radiation treatment may decrease morbidity among surviving patients; however, it remains unclear whether this will occur at the expense of disease control. An improved method for predicting disease risk among patients with medulloblastoma, including the use of molecular prognostic markers, might provide a more precise tool for selecting patients in whom treatment intensity could be safely reduced. This pilot study provides key data that the central collection and rapid molecular analysis of snap-frozen medulloblastomas from multiple institutions is highly feasible. This study should encourage institutions that participate in forthcoming medulloblastoma clinical trials (eg, SIOP and COG) to submit tissue for central analysis. It is hoped that these studies will ultimately identify a definitive clinical and molecular disease risk stratification system for medulloblastoma. 
